Model shaking tests using an irregular base acceleration record during the 1995 Kobe earthquake was performed to investigate the failure mechanism and seismic stability of three types of soil retaining walls (RWs) situated on slope.
INTRODUCTION
A great number of soil retaining structures for highway embankments and slope protection were severely damaged during the 1999 Taiwan Chi-Chi Earthquake (Huang 2000; Koseki et. al. 2000 ; Matsuo and Nakamura 2000). Huang and Chou (2000) and Huang (2000) reported the damage to soil retaining walls (RWs). The majority of the seriously damaged RWs is the leaning-type unreinforced concrete RWs, similarly to the case of the 1995 Hyogoken-Nambu Earthquake ). Fig. 1 shows a typical case al of the damaged leaning-type RWs constructed on slope in the central Taiwan.
A number of similar leaning-type RWs built on slope for the highway embankment exhibited large lateral and vertical displacements, causing large differential settlement and intensive cracking of the highway.
In the present study, the seismic stability of three types of RWs on slope was investigated by performing shaking table tests on model walls aiming at developing a highly seismic-resistant RW system on slope for possible re-building and also for restoring of existing RWs on slope. Relative seismic stability among different RW types, failure mechanism and dynamic earth pressure on the wall were analyzed. -framed sand box of 2600mm-long,  600mm-wide,  and 1400   mm-high was rigidly mounted on a displacement-controlled  shaking table (Plate 1) , which has capacities of a base servo-loading system is able to apply uniform, irregular and impact waves. Toyoura sand was used as the medium of subsoil and backfill, which is a uniform sand having sub-rounded particles, with emax=0.977, emin=0.605, Gs=2.64, D10=0.11mm, D50=0.23mm. Air-dried sand was pluviated from a hopper located 0.8m high from the transient sand surface to achieve a relative density of 90%. A surcharge of 1kPa was applied on the crest of the backfill using lead shots. To observe failure planes formed in the backfill, horizontal 2mm-thick colored sand layers were placed with a vertical spacing of 50mm in the subsoil and the backfill adjacent to a 50mm-thick transparent glass sheet of the sand box. The backside of the sand box is a steel plate, which was lubricated by attaching a 0.2mm-thick Teflon sheet. The R-LRW consisted of a leaning type RW (LRW) and two layers of large-diameter soil nails to reinforce the backfill with cement mortar to make a diameter of 40mm with a surface made rough by gluing Toyoura sand particles. The -266- Table 1 indicate the seismic load levels at which the three types of RWs exhibited similar behaviour.
The following trends of behaviour can be seen from the test results presented above:
1) GRS-RW was much stable than LRW, while R-LRW was more stable than GRS-RW.
2) R-LRW wall was substantially more stable than LRW, showing that the seismic performance of leaning-type RW can be significantly increased by using large-diameter nails to prevent the overturning failure of RW and increase the stability of the backfill and the bearing capacity of subsoil below the RW.
-268- 1) The lateral pressure generally increased with depth in the backfill, as expected.
large lateral stress concentration near the wall bottom. This behaviour may be due to the passive earth pressure condition attained in the backfill adjacent to the wall heel, resulting from the initial small tilting of wall taking place when removing the bracing system of the wall. This trend cannot be seen in Test C-2 (GRS-RW).
at-rest condition, likely resulting from the use of a relatively stiff reinforcement. This fact is apparently not consistent to such a widely accepted notion that reinforcement layers function to reduce the lateral soil pressure on the back of facing. It is known that the earth pressure on the back of facing of reinforced soil RW becomes larger with the increase in the rigidity of facing (e. g., Tatsuoka 1992) . Therefore, the above-mentioned notion could be -269-misleading with reinforced soil RWs with rigid facing. which is consistent to the observation that the tilting mode of facing was very small (Fig. 4b ). On the other hand, lateral displacements of the wall enhanced by the global failure of the wall system associated with the development of shear bands in the backfill and subsoil (Fig. 4b) , discussed earlier.
(exceeding 750 gals) without showing a decrease with amax, unlike in Test C-2. This would be due to a higher seismic stability of this wall system than the GRS-RW system.
The height of thrust of the total earth pressure Ptotal, (namely, htotal) was calculated by taking the moment equilibrium about the heel of wall of the largest lateral force measured at the back of the wall. The values of htotal,/(total wall height, H) at all the stages of shaking are summarized in Fig. 9(a) . It can be seen that the values of htotal/H were not significantly influenced by the value of amax in the three tests. The exception is a noticeable decrease in htotal/H under the post-failure condition in Test C-1, which could be due to the large settlement at the crest of backfill (Fig. 3b ) and the stress concentration around the wall heel. The heights of thrust (hdynamic) divided by H for the dynamic earth pressure -270-component are summarized in Fig. 9(b) . It can be seen that the values of hdynamic/H tended to first decrease with the increase in amax in all the three tests and then slightly increase as amax became larger than about 600 gals in Tests C-1 and C-2. The exception is the case at the largest amax under the post-failure condition in Test C-1, which may be due to the similar reasons as discussed above related to Fig. 9(a) . The values of hdynamic/H in Test C-2 were generally higher than those in Tests C-1 and C-3, while larger than 1/3 for the triangular distribution. (Fig. 10a ) is shown in Fig. 10(b) . The values of n/m calculated from the measured values of h/H (Figs. 9a and 9b) based on the relationship shown in Fig. 10(b) were obtained for the three tests. The calculated values of n/m for the total earth pressure are plotted against the base acceleration amax in Fig. 11(a) . The following trends may be noted:
1) In Tests C-1 and C-3 (LRW and R-LRW), very small values of n/m were obtained, indicating approximately -271-triangular distributions.
Some slightly negative values of n/m may due to experimental errors.
2) In Test C-2 (GRS-RW), the values of n/m are much higher, always around unity, indicating nearly rectangular distributions. depending on the global stability of wall controlled by the wall type and the base acceleration. One exception is a n/m value close to 3.0 in Test C-2 (GRS-RW) at amax of around 250 gals, which is still smaller than n/m=4 for a reversed trapezoidal distribution proposed by Bathrust and Cai (1995).
CONCLUSIONS
The following conclusions can be derived from the test results:
1) The conventional leaning-type RW (LRW, Test C-1) deformed largely, exhibiting brittle failure behavior at relatively low base accelerations. This was due to the failure of the slope supporting the wall. The grid-reinforced soil RW with a full-height rigid facing (GRS-RW, Test C-2) showed a much higher seismic resistance than the leaning-type RW. The wall laterally displaced noticeably when subjected to high base accelerations, due to a global failure in the backfill extending to the slope. For the two types of RWs, the stability was much lower than the corresponding RW on the level ground, due to a lower bearing capacity of slope. This issue will be reported by the authors in the near future. The leaning-type RW with the backfill and slope reinforced with large-diameter soil nails (R-LRW, Test C-3) exhibited the highest seismic-resistance among three types of model walls. This method is effective in -272-increasing the seismic stability of existing leaning-type RWs on slope as a post-earthquake remedial work .
2) The distribution of dynamic earth pressure components varied basically among triangle , trapezoid and uniform shapes, depending on the failure mode of the RW. A reversed trapezoidal distribution of seismic earth pressure increment with n/m=4 condition, as proposed by Bathurst and Cai (1995) , was not observed .
